A comparative study of the formation, growth, and morphology of the interfacial intermetallic compounds (IMCs) of the eutectic Sn-Bi and Sn-Bi-Zn solder joints was conducted, and the shear strengths of the two solder joints were evaluated. The cross-sectional microstructures of the joints were investigated and the fracture surfaces of the joints were examined after the shear tests. The results of the microstructural analysis of the joints indicated that the addition of Zn suppressed the growth of the interfacial IMCs signi cantly after both re ow and thermal aging. Although the shear-test results indicated that the addition of Zn decreased the shear strength of the Sn-Bi solder joint, the fracture surface examination after the shear tests revealed the cause of the degradation of the shear strength and a possible solution to prevent this degradation is suggested in the paper.
Introduction
Eutectic Sn-Bi solder has been recognized as a promising low-temperature lead-free solder [1] [2] [3] , due to its low melting point (138 C 4) ) and higher tensile strength when compared to that of eutectic Pb-Sn solder 5) . Low-temperature soldering allows the fabrication of inexpensive printed circuit boards without high-temperature resistance. Furthermore, low-temperature soldering also prevents the damage caused by a thermal expansion mismatch among the materials used in electronic manufacturing.
Although the formation of interfacial intermetallic compounds (IMCs) is crucial to create the solder joint, the growth rate of interfacial IMC must be controlled because, with increasing the thickness of these IMC layers, tensile strength 6) , thermal fatigue life 7) , and isothermal shear fatigue life 8) will decrease. For instance, authors 9) reported the deteriorating effect of interfacial IMCs with high thicknesses on the shear strength of solder joints. They revealed that the fracture path was shifted from the Sn-Bi solder bulk to the solder/interfacial IMC after thermal aging due to the excessive growth of the brittle Sn-Cu IMCs, indicating the need for suppressing interfacial IMC growth.
The addition of minor alloying elements for the suppression of interfacial IMC growth has been widely studied [10] [11] [12] [13] [14] [15] [16] . Kotadia et al. studied the addition of 0.5-1.5 mass% Zn to SnAgCu solder 17) . They showed that the addition of 0.5 mass% Zn, causes it to diffuse into the IMC to form (Cu, Zn) 6 Sn 5 and as the content of Zn increases to 1.5 mass%, the Cu 5 Zn 8 IMC layer formed on top of the (Cu, Zn) 6 Sn 5 and Cu 3 Sn IMC layers and acts as a barrier layer by stopping the further diffusion of Sn from the solder and Cu from the substrate, thus limiting the Cu 6 Sn 5 layer thickness during the high-temperature aging. Effects of 1 mass% Zn addition on the Sn-Bi solder joint after different types of long re ow processes have also been previously reported 18) . In the study by Li et al. 18) , it was found that upon the addition of 1 mass% Zn 19) reported the effect of addition of 0.7 mass% Zn to the Sn-Bi solder during liquid-state aging. In this study, the CuZn IMC was formed on top of a Cu 6 (Sn, Zn) 5 IMC layer that acted as a barrier layer and suppressed the growth of the Cu 6 (Sn, Zn) 5 IMC layer during liquid-state aging.
This study aims to investigate the effect of addition of small amount of Zn on the interfacial reaction between the Sn-Bi solder and the Cu substrate after re ow process and thermal aging. This study also compares the shear strengths of Sn-Bi solder joints with and without added Zn.
Experimental Procedure

Alloy and solder preparation
The eutectic Sn-58Bi solder used in this study was a commercially available Sn-Bi solder rod. The Sn-Bi-Zn solder alloy was prepared in-house by dissolving a Zn wire (99.99%) (1 mass%) at 700 C for 5 h. A balance with a 0.0001 g precision was used to weigh the elements. The alloying process was conducted in air, and the molten solder was stirred mechanically and frequently to assure a homogenous alloy. The composition of this alloy was determined using inductively coupled plasma optical emission spectroscopy after the alloying procedure. The composition was found to be 0.67 mass% Zn, 57.39 mass% Bi, and 41.94 mass% Sn, which indicates that a fraction of the added Zn was oxidized during the alloying process.
Re ow and aging process, and microscopy
Before making the Cu/solder/Cu joint sample, 10-mm-diameter Cu substrate pads were cleaned using 4 vol% HCl and ethanol. A mechanically mixed solder paste made of 88 mass% crushed Sn-Bi-Zn solder powder and 12 mass% rosin mildly activated ux was deposited onto the surfaces of the substrate pads by printing using a 200-µm-thick stencil.
3-mm-diameter Cu pads, cleaned using the aforementioned method, were placed on top of the printed solder paste. The joints were preheated at 100 C for 150 s, and re owed at 170 C for 60 s using a re ow oven under N 2 atmosphere. The concentration of O 2 in the soldering chamber during the reow process was maintained at 1000 ppm. In addition to the as-re owed sample, some samples were subjected to thermal aging in an oil bath at 80 C for 168, 504, and 1008 h. The as-re owed and thermally aged samples were mounted in epoxy and cross-sectioned by mechanical polishing to observe their microstructure using eld-emission scanning electron microscopy (SEM) (JEOL JSM-6500F) equipped with an energy-dispersive X-ray spectrometer (EDX). The composition of the IMC layers was analyzed, and an elemental-mapping analysis of the samples was performed by a JEOL JXA-8530F eld-emission electron probe microanalyzer (EPMA). In addition, the thicknesses of the IMC layers were measured by ImageJ quantitative analysis software. The thickness measurements were conducted on three different samples for each solder alloy by dividing the area of the whole IMC layer in each SEM image by the length of the IMC.
Shear test
Shear tests were conducted on as-re owed and thermally aged joint samples. The shear specimens were clamped on the Rhesca STR-1000 testing machine, and the shear tests were performed at a crosshead of 1 mm/min at room temperature to obtain the maximum shear force as shown in Fig. 1 . The shear strength was determined by dividing the shear force at failure by the area of the solder joint. The morphologies of the post-test fracture surfaces were examined using SEM. In addition, elemental-mapping analysis was performed on the fracture surfaces using the EPMA.
Results and Discussion
The SEM images of the interfacial IMC layers of the as-reowed eutectic Sn-Bi and Sn-Bi-Zn solder joints are shown in Fig. 2 . In these images the bright and dark regions in the solder bulk represent Bi and Sn, respectively.
It is known that during the reaction of Sn-Bi solder with a Cu substrate, Cu diffuses into the molten solder and forms scallop-like η-Cu 6 Sn 5 IMC layers ( Fig. 2 (a) ) 1) . However, the interfacial IMC layer of the Sn-Bi-Zn solder joint shows a different morphology after the re ow process as shown in Fig. 2 (b) . The interfacial IMC of the Sn-Bi-Zn is also thinner than that formed in the eutectic Sn-Bi solder. To evaluate the interfacial IMC between Sn-Bi-Zn and the Cu substrate, elemental-mapping analysis was performed using EPMA and the results are shown in Fig. 3 . As can be seen in Fig. 3 , an IMC layer consist of Cu-Zn-Sn has been formed between the Sn-Bi-Zn solder and the Cu substrate. To examine the composition of this interfacial IMC further, an elemental-line analysis was conducted and Fig. 4 delineates the elemental distribution after re ow along the black line. The average approximate concentration of Sn, Cu, and Zn in the IMC layer of ve different spots were obtained which are 21, 33, and 46 at.%, respectively. By taking to consideration these results, the binary phase diagram of Cu-Zn 20) and other studies on Sn-BiZn solder on Cu substrate 18) , the Cu-Zn IMC is deduced to be Cu 5 (Zn,Sn) 8 .
To compare the growth behaviors of the interfacial IMC layers of the eutectic Sn-Bi and Sn-Bi-Zn solder joints during operation, the re owed samples were subjected to thermal aging and the cross-sectional images of the interfaces after aging are shown in Fig. 5 . As can be seen in Fig. 5 (a)-(c) , the thicknesses of the interfacial IMC layers of Sn-Bi solder joints increase after thermal aging. In addition, the morphology of the interfacial IMC layers in Sn-Bi solder joints transforms from a scallop-like to a faceted-like morphology. However, the interfacial IMC layers of the Sn-Bi-Zn solder joints show a different behavior after thermal aging as seen in Fig. 5  (d)-(f) . To evaluate the composition of the interfacial IMCs between Sn-Bi-Zn and the Cu substrate after thermal aging, elemental-mapping analysis using EPMA was carried out on the sample that was thermally aged for 1008 h, and the results Fig. 1 The schematic illustration of the shear tests. are shown in Fig. 6 . As can be seen in Fig. 6 , after thermal aging for 1008 h, it appears that all Sn, Cu, and Zn are detected in the interfacial IMC. To understand the composition of the interfacial IMCs after thermal aging, further elemental analysis is required. Figure 7 delineates the elemental distribution after thermal aging for 1008 h along the black line. The elemental distribution obtained by elemental-line analysis indicates two distinct IMC layers between the Cu substrates and the solder. As can be seen, the concentration of Sn in the IMC layer adjacent to the Cu substrate is higher than that of the IMC layer adjacent to the solder. In addition, the concentration of Zn is higher in the IMC layer adjacent to the solder. The average approximate concentration of Sn, Cu, and Zn in the IMC layer adjacent to the solder on ve different spots were obtained which are 26, 30, and 44 at.%, respectively. In addition, the average approximate concentration of Sn, Cu, and Zn in the IMC layer adjacent to the Cu is also obtained which are 24, 56, and 20, respectively. These results which are consistent with the elemental-mapping analysis suggest that the IMC layer adjacent to the solder is a Cu 5 (Zn,Sn) 8 IMC layer while the IMC layer adjacent to the Cu substrate a Cu 6 (Sn,Zn) 5 IMC layer. The formation of Cu 6 (Sn,Zn) 5 IMC between Cu 5 (Zn,Sn) 8 IMC layer and the Cu substrate may be attributed to the penetration of Sn atoms through the Cu 5 (Zn,Sn) 8 IMC layer during the long solid-state reaction to form Cu 6 (Sn,Zn) 5 IMC.
Because the thickness of interfacial IMCs play a crucial role in the reliability of the solder joints, the thicknesses of the interfacial IMC layers of the Sn-Bi and Sn-Bi-Zn solder joints were measured after re ow and thermal aging and the results are shown in Fig. 8 . As can be seen in Fig. 8 , the minor alloying Zn addition suppressed the interfacial IMC growth in thermally aged Sn-Bi-Zn solder by a factor of 2.8.
To compare the shear strengths of the eutectic Sn-Bi and the Sn-Bi-Zn solder joints, shear tests were carried out on both as-re owed and thermally aged samples, and the results are shown in Fig. 9 .
As can be seen in Fig. 9 , the shear strength of the eutectic Sn-Bi solder joints decreases 17.86% after undergoing thermal aging for 1008 h. Figure 9 also shows that the shear strength of the Sn-Bi-Zn solder is lower than that of the eutectic Sn-Bi solder after both re ow and thermal aging. However, as can be seen, the shear strength of Sn-Bi-Zn solder joints decreases only 7.65% after thermal aging for 1008 h. To verify the change in shear strength after the re ow process and thermal aging, the fracture surfaces of all the solder joints were investigated. Figure 10 shows the SEM images from the fracture surfaces of as-re owed Sn-Bi and Sn-Bi-Zn solder joints after the shear tests. The black arrow on the right side indicates the shear direction.
As can be seen in Figs. 10 (c) and (d) , both eutectic Sn-Bi and Sn-Bi-Zn solder joints indicates a ductile structure throughout the fracture surfaces. However, a closer examination of the fracture surfaces reveals the formation of large voids in the Zn-bearing solder joint, whereas the eutectic SnBi solder does not show a signi cant void formation on the fracture surface. To verify the cause of the low shear strength of the Zn-bearing solder joint further, elemental-mapping analysis was conducted on the fracture surface of the as-reowed Sn-Bi-Zn solder joint and the results are shown in Fig. 11 . As can be seen in Fig. 11 , the large voids in the as-re owed Sn-Bi-Zn solder appear to contain Zn at the bottom of the voids on the Cu substrate. This observation suggests that the added Zn degraded the wetting property of the solder and resulted in the formation of large voids that decreased the shear strength of the Sn-Bi-Zn solder joint. Fig. 8 The thickness of interfacial IMCs after re ow and thermal aging. To study the variation of shear strengths and the fracture paths for each solder joint after thermal aging, the elemental compositions of the fracture surfaces of thermally aged eutectic Sn-Bi and Sn-Bi-Zn solder joints after the shear tests were examined using EPMA. Figure 12 shows the results of the EPMA elemental-mapping analysis of the thermally aged eutectic Sn-Bi and Sn-Bi-Zn solder joints after the shear tests.
As can be seen in Fig. 12 , for the thermally aged eutectic Sn-Bi solder joint, Cu was detected on the signi cant area of the fracture surface which indicates Sn-Cu IMCs as the partial fracture path. However, the thermally aged Sn-Bi-Zn solder joint exhibited only trace amounts of Cu on the fracture surface, suggesting that the bulk solder remained as the main fracture path even after thermal aging. These results indicate that the addition of a small amount of Zn effectively retained the fracture path within the bulk solder by suppressing the excessive growth of the interfacial IMC after thermal aging.
Conclusions
The effects of minor addition of Zn to Sn-Bi solder on interfacial IMC growth and shear strength have been investigated. To determine the cause of the observed variations in shear strength, the microstructures of the samples were characterized before the tests. In addition, the fracture surfaces of the samples after the shear tests were examined. The results are summarized as follows:
• The minor addition of Zn to the Sn-Bi solder suppressed the growth of the interfacial IMC signi cantly after both re ow and thermal aging.
• The interfacial IMC layer of the as-re owed Sn-Bi-Zn solder joint was determined to be Cu 5 (Zn,Sn) 8 . The elemental analysis of the thermally aged solder joints revealed that a layer of Cu 6 (Sn,Zn) 5 IMC was also formed between Cu 5 (Zn,Sn) 8 and the Cu substrate after thermal aging for 1008 h.
• The examination on the shear strengths of the as-re owed and thermally aged eutectic Sn-Bi solder joint revealed a signi cant decline after aging for 1008 h whereas Sn-BiZn solder joint did not show a dramatic decrease in shear strength after thermal aging, which was explained to be due to the effective suppression of interfacial IMC growth during thermal aging.
• Although the shear strength of the Sn-Bi-Zn solder joint appeared to be lower that of the eutectic Sn-Bi solder joint after both re ow and thermal aging, the lower shear strength was due to the degradation of the wettability of the Sn-Bi-Zn solder.
